Background-Glucose-6-phosphate dehydrogenase (G6PD) deficiency is characterized by red blood cell (RBC) destruction in response to oxidative stress. Although blood donors are not routinely screened for G6PD deficiency, the transfusion of stored G6PD-deficient RBCs may have serious adverse outcomes. By measuring G6PD enzyme activity of RBC units from a large metropolitan hospital transfusion service we sought to determine 1) the prevalence of G6PDdeficient RBC units, 2) if G6PD activity changes during storage, and 3) if G6PD activity in segments correlates with its activity in the bags.
INTRODUCTION
Glucose-6-phosphate dehydrogenase (G6PD) deficiency is the most common enzyme deficiency, affecting approximately 400 million people world-wide. It manifests as red blood cell (RBC) destruction in response to oxidative stress, which can be precipitated by infection, and by the ingestion of certain medications and foods (e.g. certain anti-malarial medications, antibiotics, and fava beans). The prevalence of G6PD deficiency varies among populations and is most commonly found in individuals from sub-Saharan Africa, the Mediterranean region, and south-east Asia. 1 Because G6PD deficiency has an X-linked inheritance, it is more common in males than females. In the United States, males of African descent have the highest prevalence of G6PD deficiency, approaching 10%. 2 Although in most studies G6PD-deficient individuals have normal RBC survival at steadystate, 3 this may vary based upon the G6PD variant present, and some individuals may have shortened RBC survival. 4 In addition, normal subjects transfused with G6PD-deficient RBCs and subsequently given primaquine or nitrofurantoin (medications known to cause hemolysis in G6PD-deficient individuals), experienced both intra-and extra-vascular hemolysis. 5, 6 Finally, case reports and a prospective study provided evidence of hemolysis, and even death, in patients transfused with G6PD-deficient RBCs. [7] [8] [9] It is not routine practice to screen blood donors for G6PD deficiency, and information about the frequency of G6PD deficiency among blood donors in the United States is lacking. However, the frequency of G6PD deficiency varies among the multiple ethnic groups residing in the United States. [10] [11] [12] In addition, G6PD-deficient donor RBCs may store more poorly than normal RBCs, as evidenced by decreased post-transfusion recovery. 13 Furthermore, irradiated G6PD-deficient RBCs have a significantly shortened half-life as compared to normal RBCs. 14 The current study examines 1) the prevalence of G6PDdeficient RBC units in a large hospital transfusion service, 2) whether G6PD enzyme activity changes during storage, and 3) whether G6PD activity in segments correlates with its activity in the bags, thereby allowing testing of the segments to evaluate the G6PD activity of the transfused RBCs. In addition, a population of patients who may have a higher likelihood of being transfused with these units was identified.
MATERIALS AND METHODS

Blood Products
Packed RBC (pRBC) units were obtained from the Columbia University Medical Center-New York Presbyterian Hospital Blood Bank inventory. pRBCs were collected from volunteer donors, preserved in additive solution (AS-1, AS-3, or AS-5), purchased from local suppliers (e.g. the New York Blood Center or Metro), and stored under standard blood banking conditions for up to 42 days.
Quantitative Glucose-6-Phosphate Dehydrogenase Assay
The quantitative G6PD assay was performed at 30°C using the Trinity Biotech (Berkeley Heights, NJ) quantitative G6PD assay kit. G6PD activity was expressed as units of enzyme activity per gram of hemoglobin (U/g Hb). Assay reproducibility was determined by assaying 20 normal and G6PD-deficient control samples (which were obtained from Trinity Biotech) on the same day (intra-assay) or over 20 separate runs on multiple days (interassay) followed by calculation of the mean, standard deviation (SD), and coefficient of variation (CV).
Comparison of G6PD Activity in Storage Bags and Segments of pRBC Units
G6PD activity was measured in samples from storage bags and adjoining segments either from discarded pRBC units of varying ages that were used for erythrocytapheresis for sickle cell disease patients (n=37) or units that were purchased and repeatedly sampled over the storage period (n=16). To obtain RBCs from the storage bags, a sampling site coupler (Charter Medical, Lakewood, NJ) was attached to the port of each bag. Samples for testing were collected by swabbing the sampling site with 70% ethanol, followed by introduction of a sterile 18G needle (Becton Dickinson, Franklin Lakes, NJ).
Evaluation of G6PD Activity during Refrigerated Storage
Cross-sectional and longitudinal studies were used to evaluate G6PD activity during storage. G6PD activity was measured in a cross-sectional sample of segments from units selected at 7 day intervals of storage up to Day 42 (n=161). To evaluate changes in activity of single units during storage, G6PD activity was also repeatedly measured at 7 day intervals of storage from Day 5 or 6 (the age when the units were obtained) until Day 42 in the bags and segments of purchased RBC units that were not used for transfusion (n=16).
Statistics
The Spearman rank correlation was used for assessing the relatedness between variables. The Kruskal-Wallis one-way analysis of variance was used to compare G6PD levels throughout storage of red cells. The paired t test was used for comparing the means of 2 groups. To determine if a data set was normally distributed, the Kolmogorov-Smirnov normality test was used. Fisher's exact test was used to determine the presence of a nonrandom association between two groups. Power and sample size PS software version 3.0.43 was used to provide sample size justification. The Fisher's exact test was used to evaluate the null hypothesis that there is no difference between the proportion of G6PD deficient units in the D+C-E-and general inventories. Based on 1) an estimated proportion of G6PD deficiency of 10% and 0.3% in the D+C-E-and general inventories, respectively, 2) a type 1 error probability α=0.05, 3) a power of 0.90, and 4) a 1:4 allocation of D+C-E-to general inventory units, we determined the need to measure G6PD activity in at least 66 D+C-E-and 264 general inventory units.
RESULTS
G6PD Assay
Intra-and inter-assay reproducibility was assessed by testing normal and G6PD-deficient controls 20 times. The intra-assay CV for the normal and deficient controls was 4% (mean 7.0 U/g Hb, SD 0.3) and 18% (mean 0.34 U/g Hb, SD 0.06), respectively. The inter-assay CV for the normal and deficient controls was 4% (mean 7.9 U/g Hb, SD 0.3) and 85% (mean 0.13, SD 0.11), respectively.
Comparison of G6PD Activity in pRBC Storage Bags and Attached Segments
Because of possible differences in the cellular environment in the pRBC unit and the attached segments, the correlation between the G6PD enzyme activities in both sources was determined. Using a cross-sectional study design, 37 discarded pRBC units of varying storage duration, which were used for erythrocytapheresis procedures, were obtained along with their respective segments. There was an excellent correlation (r=0.9, p<0.0001, Spearman rank correlation) between the G6PD activity measured in the RBC units and the associated segments ( Figure 1 ). In addition, as shown in Figure 1 , the low G6PD activity detected in three of these pRBC units correlated with low G6PD activity in the associated segments. In addition, this correlation remained throughout the 42-day storage period, when serially evaluated in 16 purchased pRBC units that were specifically obtained for this purpose. From Day 5-6 to Day 42 of storage, the correlation was r=0.7-0.9, p≤0.001, Spearman rank correlation (data not shown).
G6PD Activity in pRBCs During Refrigerated Storage
To determine if G6PD activity changed during refrigerated storage under standard blood banking conditions, G6PD activity was measured in a cross-sectional sample of units in the general inventory that were randomly selected at 7 day intervals of storage. G6PD activity was measured in segments from 161 different pRBC units randomly selected at Day 7 until Day 42 of storage (Day 7, n=32; Day 14, n=33; Day 21, n=33; Day 28, n=30; Day 35, n=17; Day 42, n=16). As shown in Figure 2a , there was no statistically significant difference in the mean G6PD activity measured at each time-point (p=0.4, Kruskal-Wallis test). Similar results were obtained when G6PD activity was measured longitudinally at 7 day intervals in 16 expressly-purchased pRBC units that were each obtained on Day 5-6 of storage and sampled repetitively until outdate at Day 42 (Figure 2b ). There was no significant difference in G6PD activity between storage Day 5-6 and storage Day 42 in either bags (p=0.3, paired t test) or segments (p=0.2, paired t test).
Frequency of G6PD-Deficient pRBC Units in the General Inventory
To determine the reference range for G6PD activity in pRBC units, measurements were performed using 301 pRBC segments. Because the data obtained had a non-Gaussian distribution (p<0.0001, Kolmogorov-Smirnov normality test), a non-parametric percentile method was used to define the limits of the reference range. The mean, median, and standard deviation for G6PD activity of pRBC units in our transfusion service were 6.5 U/g Hb, 6.5 U/g Hb, and 0.8, respectively. The reference range for G6PD activity in the pRBC units was calculated as 5.3-8.0 U/g Hb (2.5-97.5 percentiles). G6PD activity that was less than 60% of the activity of the normal mean, 6.5 U/g Hb, was used to define G6PD deficiency; this is in accordance with the WHO classification, whereby G6PD variants having less than 60% activity are considered deficient. 15 Therefore, pRBC units were considered deficient when the G6PD activity was <3.9 U/g Hb. Of the 301 pRBC units that were evaluated, only one unit was determined to be G6PD deficient with an activity of 0.3 U/g Hb, resulting in a frequency of 1/301 or 0.3% [95% CI <0.01%-2.1%] of G6PD-deficient pRBC units in the general inventory.
Frequency of G6PD-Deficient pRBC Units in the R 0 r or R 0 R 0 inventory
In the United States, the prevalence of G6PD deficiency is highest in males of African descent. Moreover, the D-antigen positive, C-and E-antigen negative (i.e. R 0 r or R 0 R 0 ) phenotype is common among donors of African descent. Thus, we hypothesized that the frequency of G6PD-deficient units would be increased in pRBCs of this phenotype. To test this hypothesis, G6PD activity was measured in 73 units with the D+C-E-phenotype. It was observed that 12.3% (9/73) [95% CI 6.4%-22.0%] of these units were G6PD deficient; a frequency significantly greater than the 0.3% observed in the general inventory (p<0.0001, Fisher's exact test). Of the 9 G6PD-deficient units identified, 7 had activities between 0.3 and 0.6 U/g Hb, and 2 units had activities of 2.1 and 2.5 U/g Hb, respectively.
DISCUSSION
G6PD activity measured in the pRBC storage bag correlated well with that in the attached segment. In addition, during the FDA-allowable storage period examined, the G6PD activity in pRBC units having normal G6PD activity did not change significantly. This establishes the validity of testing G6PD activity in pRBC segments regardless of storage time, both for the purposes of this study and as a general strategy. In the general population, the frequency of G6PD deficiency was 0.3%. Given the magnitude of RBC transfusion (approximately 15 million units a year in the USA), this predicts that ~45,000 units of G6PD-deficient RBCs may be transfused each year. Of particular note was the observation that when certain antigen-matched pRBC units were tested, which would be expected to be from donors of African descent, the frequency of G6PD-deficient units was 12.3%, which was significantly higher. These particular pRBC units are more likely to be transfused into patients with sickle cell disease, who may receive multiple such units in the setting of an RBC exchange transfusion. If accumulated evidence demonstrates an increased probability of transfusing G6PD-deficient pRBCs in certain patient populations, then screening for G6PD activity in segments prior to transfusion is a viable approach. Measurements of other analytes, such as alanine aminotransferase 16 and cytokines, 17 are also known to correlate well in storage bags and attached segments of whole blood and pRBC units, respectively. G6PD activity during RBC storage under standard blood banking conditions was previously examined in both normal and G6PD-deficient RBCs. In one study, G6PD activity in G6PDdeficient RBCs decreased rapidly and became undetectable by Day 7 of storage. 18 This may be due to the protein instability of the mutated enzyme variants. 19 Studies of G6PD activity during storage of normal, non-deficient, RBCs had varying results, either demonstrating no decrease in activity 20 or a decrease of up to 35%. 21 The reasons for these differences are not clear; however, methodological variations in storage conditions and preservative solutions may play a role. In the current study, G6PD activity did not decrease between 5 and 42 days of storage in pRBC units with normal G6PD activity. One possible reason for not observing a decrease in G6PD activity may relate to the kinetics of the decrease of G6PD activity during storage; thus, Swarup-Mitra et al. reported that G6PD activity in normal RBCs decreases during the first week of storage and then remains unchanged. 18 The earliest storage day on which we measured G6PD activity was Day 5, raising the possibility that an initial decrease in G6PD activity had occurred, but was not observed. Nonetheless, the reference range defined by quantifying enzyme activity in these pRBC units overlapped with that determined using freshly-obtained blood samples (data not shown) and no decrease in G6PD activity was seen when freshly obtained blood samples were stored at 4°C for 7-10 days (data not shown).
The prevalence of G6PD deficiency varies based on the population being considered; in the United States, it is most often found in individuals of African or Mediterranean descent. 1 To the best of our knowledge, there are no published studies quantifying the prevalence of G6PD deficiency among healthy blood donors in the United States. An analysis of G6PD deficiency among United States military personnel estimated a prevalence of 0.3% among Caucasian subjects and 12.2% among African Americans. 10 In addition, data from the Retrovirus Epidemiology in Blood Donors Study-II (REDS-II) indicate that approximately 87% of blood donors in the United States are Caucasian and approximately 6% are African American. 22 These data are consistent with the frequency of G6PD-deficient pRBC units in both our general inventory and our D-antigen positive, and C-and E-antigen negative inventory. Our general hospital inventory most likely reflects the general donor population, which is mostly Caucasian, thereby explaining the low frequency of G6PD-deficient units (0.3%). The D-positive, C-and E-negative RBCs are expected to be derived from donors who are predominantly of African descent, and this is consistent with the frequency of 12.3% G6PD deficiency that we observed.
The risks of transfusing G6PD-deficient RBCs into patients are likely affected by various factors, including the degree of G6PD deficiency of the donor, the presence or absence of an oxidative stress in the recipient (such as an infection or a medication known to cause hemolysis of G6PD-deficient RBCs), the amount of RBCs transfused as a proportion of the blood volume of the recipient, and the storage interval of the donor RBCs. 18 For example, stored RBCs from G6PD-deficient donors were shown to have a significantly lower 24-hour post-transfusion recovery as compared with normal RBCs. 13 In addition, intra-and extravascular hemolysis were seen in normal recipients of G6PD-deficient RBCs who simultaneously received primaquine or nitrofurantoin, medications known to cause hemolysis in G6PD-deficient individuals. 5, 6 The outcomes of transfusion of G6PD-deficient RBCs into patients who are not receiving oxidizing medications are more variable, ranging from no evidence of decreased RBC recovery, 23 to increases in bilirubin and lactate dehydrogenase, 8 and, finally, to frank hemolysis with decreased hematocrit and hemolglobinuria. 7 Therefore, it may be desirable to ensure that patients who may be subject to excessive oxidative stress do not receive RBCs from G6PD-deficient donors. This may be particularly true for individuals who are at risk for receiving multiple pRBC units from G6PD-deficient donors, such as patients with sickle cell disease.
In summary, the data presented demonstrate that, although the overall prevalence of G6PDdeficient RBC units is low in the general blood donor population of a large metropolitan transfusion service, there is a subset of patients, because of their requirement for antigenmatched units, who are more likely to receive a pRBC unit from a G6PD-deficient donor. For example, because of high rates of alloimmunization to RBC antigens, patients with sickle cell disease frequently require antigen-matched units from donors of presumed African descent. The consequences of transfusing G6PD-deficient RBCs to such patients are currently unknown. Additional studies are currently underway to determine the effect of G6PD-deficiency on the storage properties of RBCs, as well as to elucidate the physiological effects of transfusion of G6PD-deficient RBCs to specific patient populations. Screening for G6PD deficiency is not routine for healthy blood donors. However, as demonstrated in this study, G6PD activity of RBC units can be measured using the attached segment at any time during storage; this could help guide decisions about whether or not a specific unit should be transfused into a specific patient.
Figure 1. Correlation of G6PD activity measured in pRBC storage bags and attached segments
RBC G6PD activity was measured in the storage bags and the attached segments from discarded pRBC units (n=37) that were obtained following erythrocytapheresis procedures. The storage age of these units ranged from 5 to 27 days. Seventeen of these units were known to have a phenotype of D+, C-, E-, and 3 of these 17 units were G6PD-deficient. Cross-sectional study of G6PD activity in 161 randomly-selected pRBC units in the general inventory. G6PD activity was measured in the attached segments of units selected for the following storage intervals: Day 7 (n=32), 14 (n=33), 21 (n=33), 28 (n=30), 35 (n=17), and 42 (n=16). Mean activities at each time-point were compared using the Kruskal-Wallis test. There was no significant difference in G6PD activity during the storage period examined (p=0.4). One unit selected at 28 days of storage was identified as G6PD deficient. b. Longitudinal study of G6PD activity in 16 purchased pRBC units (bags and segments), serially measuring activities beginning at Day 5 or 6 of storage and ending at Day 42. There was no significant difference in G6PD activity between day 5 or 6 and day 42 of storage in bags (p=0.3, paired t test) or segments (p=0.2, paired t test). ns=not significant.
